T HE oxidative stress theory of aging proposes that the life span of an organism is determined by the age-related loss of physiological function caused by the progressive accumulation of oxidative damage. In 1972, Harman ( 1 ) modifi ed his original theory to incorporate the contribution of mitochondria to oxidative stress and proposed the mitochondrial theory of aging. The core principle of the theory is that the generation of reactive oxygen species (ROS) and the subsequent oxidative damage to key mitochondrial components, such as protein, lipids, and DNA, lead to an overall decline in cellular function and ultimately determines the life span of an organism ( 1 ). Since the original proposal by Harman, signifi cant amounts of correlative data have been accumulated in support of the oxidative stress theory of aging.
T HE oxidative stress theory of aging proposes that the life span of an organism is determined by the age-related loss of physiological function caused by the progressive accumulation of oxidative damage. In 1972, Harman ( 1 ) modifi ed his original theory to incorporate the contribution of mitochondria to oxidative stress and proposed the mitochondrial theory of aging. The core principle of the theory is that the generation of reactive oxygen species (ROS) and the subsequent oxidative damage to key mitochondrial components, such as protein, lipids, and DNA, lead to an overall decline in cellular function and ultimately determines the life span of an organism ( 1 ) . Since the original proposal by Harman, signifi cant amounts of correlative data have been accumulated in support of the oxidative stress theory of aging.
Mn superoxide dismutase (MnSOD) is an essential mitochondrial antioxidant enzyme that scavenges superoxide anions (O 2 − ) generated in the respiratory chain as a byproduct of mitochondrial respiration ( 2 , 3 ) . MnSOD is located in the mitochondrial matrix and, because of its rapid reaction with O 2 − , is thought to be a fi rst-line defense against mitochondrial oxidative damage. The potential importance of MnSOD in aging has been highlighted by studies showing that mutations in the insulin or insulin-like growth factor-1 (IGF-1) signaling pathway lead to increased life span in invertebrates ( 4 , 5 ) . Early studies showed that the daf-2 mutants in Caenorhabditis elegans upregulate the expression of the sod-3 gene, that is, the gene for MnSOD, through an insulin-like signaling pathway ( 6 ) . Using DNA microarray analysis, Kenyon ' s laboratory ( 7 ) subsequently found that the expression of the sod-3 and the ctl-1 and ctl-2 genes, which code for catalase in C. elegans , was upregulated in these long-lived mutants and met their criteria for playing a role in extended life span. There is also evidence that some mouse models with mutations in the insulin or IGF-1 system show alterations in the expression of MnSOD and resistance to oxidative stress. For example, Yamamoto and colleagues ( 8 ) reported that Klotho transgenic mice, which have increased life span, showed increased expression of MnSOD that was correlated with increased resistance to oxidative stress. Taguchi and colleagues ( 9 ) reported that mice in which the gene for insulin receptor substrate 2 ( Irs2 ) was conditionally knocked out and lived longer and had higher levels of MnSOD in their brain. Ames dwarf mice, which have low circulating levels of IGF-1, also show increased superoxide dismutase (SOD) activity in several tissues ( 10 ) , and Baba and colleagues ( 11 ) showed that mice defi cient in the insulin receptor have increased activity of MnSOD that correlates with their increased resistance to oxidative stress. Therefore, these observations have been often used to argue that the upregulation of MnSOD by reduced insulin or IGF-1 signaling may play an important role in the mechanism(s) responsible for the increased resistance to oxidative stress and increased life span observed in animal models with mutations in the insulin or IGF-1 signaling pathway.
Studies ( 12 , 13 ). Tower ' s group reported a similar extension of life span by overexpressing MnSOD in Drosophila melanogaster ( 14 ) . In mice, two independent laboratories have shown that the deletion of MnSOD is lethal ( 15 , 16 ) ; mice exhibit oxidative damage and die shortly after birth ( 15 , 16 ) . Conversely, overexpressing MnSOD has been reported to protect against mitochondrial apoptosis and oxidative damage by generating less mitochondrial ROS ( 17 , 18 ) . The purpose of this study was to test the effects of overexpressing MnSOD on mitochondrial function, levels of oxidative stress or damage, and life span in mice. We show that an approximately twofold increase in MnSOD expression throughout life resulted in a slight decrease in oxidative damage and enhanced resistance against oxidative stress. However, overexpressing MnSOD did not alter either life span or age-related pathology in these mice.
M aterials and M ethods

Animals
The Sod2 transgenic (Tg) mice used in this study were obtained from Dr. Epstein ' s laboratory as described by Raineri and colleagues ( 19 ) . A 13-kb genomic Sod2 clone isolated from C57BL/6J mice, which encompassed 2 kb of the native Sod2 promoter, was used to generate Sod2 Tg mice. Subsequent generations of Sod2 Tg mice were bred by mating male Sod2 Tg mice to female wild-type (WT) C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor, ME). The mice were genotyped at 4 -5 weeks of age by polymerase chain reaction analysis of DNA obtained from tail clips as previously described ( 16 ) . The mice were maintained under pathogen-free barrier conditions in a temperature-controlled environment and fed a commercial mouse chow (Teklad Diet LM485) ad libitum. For tissue collection, mice were euthanized by CO 2 inhalation followed by cervical dislocation. Hind limb skeletal muscle was used for mitochondrial isolation and enzymatic assays.
For the life span and all other analyses, male WT and Sod2 Tg mice were housed four per cage following weaning and fed commercial mouse chow (Teklad Diet LM485) ad libitum. WT and Tg mice were assigned to survival groups at 2 months of age and allowed to live out their entire life span. There was no censoring of the WT or the Sod2 Tg mice when measuring survival. The life span for individual Sod2 Tg mice and WT mice was determined by recording the age of spontaneous death; and the median, mean, 10th percentile, and maximum survivals were calculated for each group. All procedures followed the guidelines approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio and South Texas Veterans Health Care System, Audie L. Murphy Division.
Isolation of the Skeletal Muscle Mitochondria
Mitochondria were purifi ed from whole-hind limb skeletal muscle according to Chappell and Perry ( 20 ) and Ernster and Nordenbrand ( 21 ), as described previously ( 22 ) . Hind limb skeletal muscles, gastrocnemius, tibialis anterior, and vastus lateralis were excised, weighed, bathed in 150 mM KCl, and placed in Chappell -Perry buffer with the protease nagarse. The minced skeletal muscle was homogenized, the homogenate was centrifuged for 10 minutes at 600 g , and the supernatant passed through cheesecloth and centrifuged at 14,000 g for 10 minutes. The resulting pellet was washed once in modifi ed Chappell -Perry buffer with 0.5% bovine serum albumin (BSA) and once in modifi ed Chappell -Perry buffer without BSA. Mitochondria were used immediately. Protein concentration was measured by the Bradford method (Bio-Rad, Richmond, CA ).
MnSOD Activity Assay
MnSOD was measured in tissue extracts from brain, kidney, liver, and heart of male WT and Sod2 Tg mice using native gels as previously described by Van Remmen and colleagues ( 23 ) . Extracts containing 40 -80 m g protein were separated on a 10% polyacrylamide gel, and the gel was soaked in a solution containing nitroblue tetrazolium, ribofl avin, and N,N,N,N, tetramethyl ethylene diamine (TEMED). In the presence of SOD, the ribofl avin is activated to oxidize an electron donor (TEMED). The gel image was captured with a digital-camera imager system (ImageMaster VDS; Amersham Pharmacia Biotech, Piscataway, NJ) and analyzed using ImageQuant Software (Sunnyvale, CA) to quantify the intensity of the regions representing the MnSOD activity.
Mitochondrial H 2 O 2 Release
Mitochondrial ROS production was measured with the Amplex Red-horseradish peroxidase method (Molecular Probes, Eugene, OR) ( 24 ) . Horseradish peroxidase (HRP, 2 U/mL) catalyses the H 2 O 2 -dependent oxidation of nonfl uorescent Amplex Red (80 m M) to fl uorescent resorufi n red ( 24 ) . Thirty-seven units per milliliter CuZnSOD was added to convert all O 2 − into H 2 O 2 , a necessity because O 2 − reacts very rapidly with HRP and HRP-Compound I, resulting in an underestimation of the actual rate of H 2 O 2 production ( 25 , 26 ) . Therefore, our results refl ect the sum of both superoxide and H 2 O 2 production and are referred to as ROS rather than H 2 O 2 production ( 27 ). Fluorescence was followed at an excitation wavelength of 545 nm and an emission wavelength of 590 nm using a Fluoroskan Ascent type 374 multiwell plate reader (Labsystems, Helsinki, Finland). The slope of the increase in fl uorescence is converted to the rate of H 2 O 2 production with a standard curve.
All assays were performed at 37°C in black 96-well plates with 5 mM succinate plus rotenone and 5 mM glutamate plus malate as complex I-and complex II-linked substrates, respectively. For each assay, one reaction well contained buffer only and another contained buffer with mitochondria to estimate the mitochondria without substrate (state 1) ( 28 ) . The reaction buffer consisted of 125 mM KCl, 10 mM 2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES), 5 mM MgCl 2 , and 2 mM K 2 HPO 4 , pH 7.4. Data are expressed in pmole H 2 O 2 /min/mg mitochondrial protein.
Superoxide Production
Superoxide production was measured indirectly by inhibition of aconitase activity, as described by Gardner ( 29 , 30 ) and Muller and colleagues ( 22 ) . Briefl y, aconitase activity was quantifi ed by measuring the reduction of NADP + . Mitochondria ( ~ 0.4 mg of protein/mL) were aliquoted in 96-well plates in 100 m L at pH 7.44 in 125 mM KCl, 10 mM HEPES, 5 mM MgCl 2 , and 2 mM K 2 HPO 4 and incubated at 30°C up to 40 minutes. Substrate (5 mM glutamate or malate) was then added as indicated. For each experiment, 200 U/mL SOD (from bovine erythrocytes; Sigma, St. Louis, MO) and 900 U/mL catalase were also added to eliminate extramitochondrial H 2 O 2 and superoxide. Incubation was stopped, and aconitase activity measurements were begun by the addition of 1 volume (100 m L) of 50 mM Tris, 0.6 mM MnCl 2 , 60 mM citrate, 0.2% Triton X-100, 100 m M NADP + , and 1 U of isocitrate dehydrogenase. Fluorometric measurements (excitation at 355 nm and emission at 460 nm) were then started immediately using a microplate reader. The " control or blank " to measure aconitase-independent NADP + reduction consisted of the same buffer with isocitrate dehydrogenase omitted. The slope of the increase in NADPH fl uorescence was taken as the amount of aconitase activity.
ATP Production
ATP production by isolated mitochondria was measured using a luminometric assay (ATP Bioluminescence Assay CLS II; Roche, Indianapolis, IN) that follows the change in luminescence at 560 nm. The assay utilizes the dependence of ATP in the light-emitting luciferase-catalyzed oxidation of luciferin. Mitochondrial proteins, in the presence of complex II-linked substrates (succinate with rotenone to inhibit reverse electron transfer through complex I), were mixed in the assay buffer (125 mM KCl, 10 mM HEPES, 5 mM MgCl 2 , and 2 mM K 2 HPO 4 , pH 7.44) and added to a 96-well plate. Luciferase (Roche) and 0.3 mM ADP were then added to start the reaction, and the rates of ATP production were determined at 560 nm using a Fluoroskan Ascent multiwell plate reader (Labsystems). The slope of the increase in luminescence is converted to the rate of ATP production with a standard curve.
Mitochondrial Respiration
Mitochondrial oxygen consumption was measured using a Clark electrode as originally described by Estabrook ( 31 ) . The respiratory buffer consisted of 125 mM KCl, 10 mM HEPES, 5 mM MgCl 2 , and 2 mM K 2 HPO 4 , pH 7.44, with 0.3% BSA. State 3 respiration was induced with the addition of 0.3 mM ADP. The respiratory control ratio (RCR) was ~ 10 with glutamate or malate as substrate, indicating intactness of the inner mitochondrial membrane.
Measurements of Oxidative Damage
Lipid peroxidation. -F 2 -isoprostanes were measured in plasma and tissues using the gas chromatography -mass spectrometry method of Roberts and Morrow ( 32 ) as previously described ( 33 ) . The levels of F 2 -isoprostanes are expressed as nanograms F 2 -isoprostanes per milliliter of plasma or per gram tissue.
Protein oxidation. -Protein oxidation in tissues was determined by the level of protein carbonyls using an advanced variant ( 34 ) of the original method described by Ahn and colleagues ( 35 ) . In brief, fresh tissue was homogenized in degassed 20 mM sodium phosphate buffer pH 6.0 containing 0.5 mM MgCl 2 , 1 mM ethylenediaminetetraacetic acid (EDTA), and protease cocktail inhibitors (500 m M 4-(2-Aminoethyl)benzenesulfonyl fl uoride-hydrochloride, HCl, 150 nM aprotinin, 0.5 mM EDTA, disodium salt, and 1 m M leupeptin hemisulfate ). For the cytoplasmic fraction, the homogenate was centrifuged at 100,000 g at 4°C for 1 hour and the supernatant was saved for further processing. One percent streptomycin sulfate was added to remove nucleic acids. The protein samples were then bubbled with nitrogen for 15 seconds at 25 kPa, followed by treatment with 0.3 M guanidine HCl for partial unfolding of the proteins in the sample. The hydrazine reagent, fl uorescein-5-thiosemicarbazide (FTC; Molecular Probes; 1 mM), was added and incubated for 2 hours at 37°C in the dark. The excess unreacted FTC was removed by precipitation with equal volume of 20% trichloroacetic acid followed by washing four times with ethanol or ethyl acetate (1:1; v/v). Equal amounts of protein were loaded on a 12% sodium dodecyl sulfate --polyacrylamide gel electrophoresis (SDS-PAGE) to resolve the FTC-labeled proteins. A fl uorescence scan of the gel was then taken, which measures the amount of bound FTC, that is, the amount of protein carbonyls. The gel was then stained with Coomassie blue, and the protein concentration was determined. The carbonyl content of the protein samples was expressed as the ratio of FTC fl uorescence (carbonyls) to Coomassie blue absorption (protein concentration).
Western Blot Analysis
CuZnSOD , glutathione peroxidase 1 (GPX1), and catalase levels were determined by Western blot analysis. Protein (40 -80 m g) samples were separated on a 4% -20% SDS-PAGE gel and transferred onto a nitrocellulose membrane. Equal loading was confi rmed visually with Ponceau S staining. Membranes were blocked in 5% nonfat milk in Trisbuffered saline (TBS) with 0.1% Tris-buffered saline Tween-20 (TBST) and incubated at 4°C in TBST overnight with the appropriate primary antibodies: CuZnSOD (1 m g/ mL; Stressgen, Canada), GPX1 (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA), and catalase (1:5,000; Research Diagnostics, Minneapolis, MN). Following three washings using TBST, membranes were incubated with HRP-conjugated secondary antibodies (1:2,000; Santa Cruz Biotechnology). The protein band was visualized using the ECL Plus Kit (Amersham Pharmacia Biotech), and the intensities of the bands were quantifi ed using ImageQuant v5.0 (Molecular Dynamics, Amersham, UK). Western blot data were analyzed by normalizing protein bands to levels of skeletal muscle actin (Sigma) as loading control.
Sensitivity of Murine Embryonic Fibroblasts and Mice to Paraquat
Timed mating of male Sod2 Tg mice and female WT mice was carried out to generate Sod2 Tg and WT embryos. Murine embryonic fi broblasts (MEFs) were derived from 13-to 14-day mouse embryos, and the sensitivity of MEFs to paraquat was determined as previously described ( 36 ) . MEFs were seeded (2 × 10 4 cells/well) in 48-well plates in Dulbecco's modifi ed eagle medium/F12 supplemented with 10% fetal bovine serum and incubated at 37°C with 5% CO 2 . After 24 hours, the cells were treated with various concentrations of paraquat (50 -400 m M) and cell viability was assessed by the neutral red assay ( 37 ) . All treatments were performed in triplicate, and each experiment was repeated with cells isolated from three animals.
The sensitivity of whole animals to oxidative stress was determined using paraquat. Paraquat was dissolved in 0.9% saline (25 mg/mL) and injected intraperitoneally at the dosage of 50 mg/kg body weight. The mice were then followed periodically over 7 days and deaths recorded. At the end of 7 days, all the remaining mice were terminated.
Pathological Assessment of Mice
Mice found dead in the survival study were removed immediately from the cage to minimize autolysis, and necropsy was performed. Organs and tissues were excised and preserved in 10% buffered formalin: brain, pituitary gland, heart, lung, trachea, thymus, aorta, esophagus, stomach, small intestine, colon, liver, pancreas, spleen, kidneys, urinary bladder, reproductive system (prostate, testes, epididymis, and seminal vesicles), thyroid gland, adrenal glands, parathyroid glands, psoas muscle, knee joint, sternum, and vertebrae. Any other tissue with gross lesions was also excised. The fi xed tissues were processed conventionally, embedded in paraffi n, sectioned at 5 m m, and stained with hematoxylin -eosin. Although autolysis of varying severity occurred, it did not prevent the histopathological evaluation of lesions. Diagnosis of each histopathological change was made with histological classifi cations in aging mice described by Bronson and Lipman ( 38 ) . A list of pathological lesions was constructed for each mouse that included both neoplastic and nonneoplastic diseases.
The probable cause of death for each mouse was determined by the severity of diseases found by necropsy as assessed independently by two pathologists. For neoplastic diseases, cases that had grades 3 and 4 lesions were categorized as " death by neoplastic lesions. " For nonneoplastic diseases, cases that had a severe lesion, for example, grade 4, associated with other histopathological changes (pleural effusion, ascites, congestion, and edema in lung) were categorized as death by the nonneoplastic lesion. In more than 90% of the cases, there was agreement by the two pathologists. In cases in which the pathologists disagreed or in which no disease was considered severe enough, the cause of death was categorized as unknown.
R esults
Characterization of Sod2 Tg Mice
To show that MnSOD is overexpressed throughout the life span of the transgenic mice, we measured the enzymatic activity of MnSOD in tissues from both young (4 -6 months) and old (26 -28 months) WT and Sod2 Tg mice. As shown in Figure 1 , the activity of MnSOD is increased approximately twofold in the brain, kidney, liver, heart, and skeletal muscle of Sod2 Tg mice. We measured MnSOD activity and protein content in mitochondria isolated from a few tissues in WT and Sod2 Tg mice and found a similar level of overexpression in the Sod2 Tg mice. Furthermore, we found no evidence that mitochondrial content was altered in the Sod2 Tg mice as measured by marker proteins (i.e., cytochrome c, COX IV, citrate synthase) that correlate with mitochondrial content (data not shown). To determine whether overexpression of MnSOD had an effect on other components of the antioxidant defense system, we measured the levels of CuZnSOD, GPX1, and catalase in skeletal muscle from young and old Sod2 Tg and WT mice. As shown in Table 1 , the levels of all three proteins were similar regardless of age or genotype. Therefore, overexpression of Mn-SOD did not downregulate the expression of other antioxidant enzymes.
We compared body weight and food consumption of Sod2 Tg and age-matched WT mice and found no changes in either body weight ( Table 2 ) or food consumption (data not shown). Additionally, no differences in the tissue weights were observed with age or genotype in liver, spleen, kidney, and brain between the two groups. However, ageassociated changes were seen in heart and skeletal muscle Table 2 ). The decrease in skeletal muscle mass with age is a common biomarker of aging that is believed to occur because of increased oxidative damage or stress that the data to be presented subsequently demonstrate ( 39 ) . As can be seen in Table 2 , a signifi cant decline in muscle mass of gastrocnemius or plantaris and tibialis anterior was observed with age. These data are consistent with other reports showing that gastrocnemius and tibialis anterior, which contain a high content of fast twitch fi bers, are more susceptible to age-related muscle loss ( 27 ) . In contrast, we found that the soleus, which is predominately slow fi ber, showed no agerelated decline in muscle mass, which is consistent with previous reports ( 40 , 41 ) . However, despite evidence for an increase in ROS, overexpressing MnSOD had no effect on the age-related decline in mass in the gastrocnemius or plantaris and tibialis anterior muscles ( Table 2 ) .
ROS Production in Skeletal Muscle Mitochondria
To test whether an increased level of MnSOD decreases mitochondrial ROS generation, we measured the O 2 − levels and H 2 O 2 release in skeletal muscle mitochondria from young and old mice ( Figure 2 ). Aconitase activity in the mitochondria was used as an indirect measure of O 2 − levels because the Fe-S clusters in aconitase are highly sensitive to reaction of O 2 − ( 29 , 30 ). Compared with WT mice, mitochondrial aconitase activity in Sod2 Tg mice ( Figure 2A ) was signifi cantly higher in both young and old animals, and this increase was greater in the old ( ~ 40%) than in young ( ~ 13%) mice. MnSOD activity in various tissues of wild-type (WT) and Sod2 Tg mice. The activity of MnSOD was measured in tissue homogenates isolated from brain, kidney, liver, skeletal muscle, and heart of young and old WT (open bar) and Sod2 Tg (solid bar) mice, determined using native gels described in the Materials and Methods section . The data were obtained from four to six mice per group and expressed as mean ± SEM . The MnSOD activity for young WT mice was normalized to 1. Data were statistically analyzed using two-way analysis of variance with the Bonferroni test mice; an asterisk denotes those values that are signifi cantly different from young WT mice at the p < .05 level. The rate of H 2 O 2 release from mitochondria was measured in the absence of added respiratory substrates (state 1) and in the presence of 5 mM glutamate plus malate. In state 1 ( Figure 2B ), H 2 O 2 production from skeletal muscle mitochondria was increased ~ 90% with age, consistent with what we have previously observed ( 27 ) . MnSOD overexpression did not alter the rate of H 2 O 2 release in either age group. Similarly, using complex I-linked substrate glutamate and malate ( Figure 2C ), H 2 O 2 levels were signifi cantly increased ( ~ 50%) with age, but no difference in H 2 O 2 was observed between Sod2 Tg and age-matched WT mice.
Mitochondrial Function
We next assessed mitochondrial function by measuring the RCR and ATP production from mitochondria isolated from skeletal muscle. The RCR decreased signifi cantly with age (10%) but was unaffected by MnSOD overexpression ( Figure 3A ) . ATP production by isolated mitochondria was measured in the presence of mitochondrial complex II-linked substrates, succinate or rotenone ( Figure 3B ). In agreement with our previous report ( 27 ) , ATP production from the skeletal muscle mitochondria showed a signifi cant decline with age using complex II-linked substrate. Similar results were observed using glutamate or malate (data not shown). In contrast, mitochondria from Sod2 Tg mice did not show a signifi cant decrease with age in ATP production, and there was no signifi cant difference in ATP production by mitochondria from Sod2 Tg and WT at the two ages studied. The BW and the weight of various tissues from young (4 -5 months) and old (26 -28 months) WT and Sod2 Tg mice were collected from fi ve to six mice per group and were analyzed using analysis of variance with Bonferroni ' s post hoc test. Asterisks denote a statistically signifi cant difference between young and old mice at the p < .05 level. BW = body weight; Gast/pln = gastrocnemius/plantaris, TA/EDL = tibialis anterior/extensor digitorum longus; WT = wild type.
Oxidative Damage in Skeletal Muscle of Young and Old WT and Sod2 Tg Mice
Several groups, including ours, have shown that oxidative damage to protein, lipid, and DNA in skeletal muscle increases with age ( 27 ) . To test whether the Sod2 Tg mice are protected against protein oxidation with age, we measured the level of protein carbonyls from the cytosolic fraction of skeletal muscle. Protein carbonyls were signifi cantly elevated with age in WT mice ( Figure 4A ). In contrast, we did not observe a statistically signifi cant increase in carbonyls with age in the Sod2 Tg mice. Although there was a trend toward a decrease in protein carbonyl levels in the old Sod2 Tg compared with old WT mice ( p = .08), the protein carbonyl levels were not statistically different between the WT and the Sod2 Tg mice in either age group ( Figure 4A ) . Next, we assessed oxidative damage to lipids by measuring F 2 -isoprostanes in the skeletal muscle ( Figure 4B ). Unlike other lipid peroxidation derivatives, F 2 -isoprostanes are stable and provide excellent biomarkers of lipid peroxidation. We found that with age, skeletal muscle from WT mice exhibited a twofold increase in F 2 -isoprostane levels. However, the F 2 -isoprostane levels did not increase signifi cantly with age in the Sod2 Tg mice, and in old mice, the levels of F 2 -isoprostanes were reduced signifi cantly (43%) in the Sod2 Tg mice compared with WT mice.
Sensitivity of WT and Sod2 Tg Mice to Oxidative Stress
To determine whether the overexpression of MnSOD affected the sensitivity of the mice to oxidative stress, we tested the sensitivity of MEFs and whole animals to paraquat. Paraquat (1,1 ′ -dimethyl-4,4 ′ -bipyridinium dichloride) is a bipyridyl compound that is widely used as a redox cycler to stimulate superoxide production in organisms, cells, and mitochondria. A recent study demonstrated that complex I toward the mitochondrial matrix is the major site of paraquatinduced superoxide generation ( 44 , 45 ) . Figure 5A shows the sensitivity of MEFs from WT and Sod2 Tg mice to paraquat at concentrations of 100 -400 m M. The cell viability of MEFs from the Sod2 Tg mice was signifi cantly higher than MEFs isolated from WT mice at all doses studied, and at the highest paraquat concentration tested, MEFs from Sod2 Tg mice were fourfold more resistant to paraquat toxicity than MEFs from WT mice. Figure 5B shows the sensitivity of WT and Sod2 Tg mice to a lethal dose of paraquat. Over the 7-day period following the administration of paraquat, the deaths in the Sod2 Tg mice were 10% -30% less than in the WT mice, and the log-rank test showed that the survival curves for the WT and Sod2 Tg mice were signifi cantly different. Thus, both at the level of the cell and the whole organism, we found that overexpressing MnSOD approximately twofold had a signifi cant effect on resistance to oxidative stress.
Life Span and the End-of-Life Pathology of Sod2 Tg Mice
To determine whether overexpressing MnSOD throughout life span has any effect on aging, we fi rst measured the survival of the WT and Sod2 Tg mice housed under barrier conditions. Figure 6 shows the survival data and curves for the Sod2 Tg and WT mice. The mean survival of the male WT mice in our study was well over 32 months (982 days). This is extremely long lived for C57BL/6 mice but is not unexpected because we measure life span under optimal conditions that minimize potential complications from a poor environment ( 47 ) . We observed no signifi cant differences between the survival curves for the Sod2 Tg and WT mice or between the mean, median, and 10% (when 90% of the mice died) survivals of these mice. Thus, overexpression of Mn-SOD had no signifi cant effect on the life span of the mice. To determine whether overexpressing MnSOD has an impact on the pathologic lesions leading to death, we conducted a comprehensive end-of-life pathological analysis of the WT and Sod2 Tg mice in the survival groups. As shown in Table 3 , the probable causes of death for the WT and Sod2 Tg mice were similar. As expected for mice in the C57BL/6 background ( 48 , 49 ), the majority of fatal tumors in both WT and Sod2 Tg mice was lymphoma. The proportions of mice that died from neoplastic diseases were ~ 62% for WT and 50% for the Sod2 Tg mice; however, this difference was not statistically signifi cant. There were no changes in the average of age of tumor development between genotypes, 933 and 922 days for WT and Sod2 Tg mice, respectively; and the percentage of tumor bearing mice was 62% for WT and 65% for Sod2 Tg mice. We also studied the effect of overexpressing MnSOD on the incidence of multiple tumors in the mice. The WT mice showed an average of 0.73 tumors per mouse compared with 0.71 for the Sod2 Tg mice. The major nonneoplastic pathology observed in the WT and Sod2 Tg mice was glomerulonephritis, which was similar in frequency in WT and Sod2 Tg mice. Although the Sod2 Tg mice showed a higher incidence of nonneoplastic pathology, 50% versus 38%, this difference was not statistically signifi cant.
D iscussion
Our rationale for studying the effect of overexpressing MnSOD on life span of mice originated from three areas. First, Tower ' s laboratory showed that overexpressing Mn-SOD up to 75% in Drosophila increased life span by 15% ( 14 ) . Second, Rabinovitch ' s group showed that overexpressing catalase in mitochondria increased the life span of mice by 21% ( 50 ) , suggesting that an enhanced mitochondrial antioxidant defense system is important in increasing longevity. Third, studies with C. elegans mutants in insulin or IGF-1 signaling suggest that the induction of MnSOD, one of the target genes that are upregulated through a reduction in insulin or IGF-1 signaling, is important in the increased resistance to stress and increased life span ( 8 , 9 ).
In the current study, we used Sod2 Tg mice generated by Epstein ' s laboratory that overexpress MnSOD ( 19 ) . We show here that the Sod2 Tg mice expressed MnSOD approximately twofold more than the WT mice in all tissues exam- Figure 4 . Oxidative damage in skeletal muscle from young and old wildtype (WT) and Sod2 Tg mice. Protein carbonyl ( A ) and F 2 -isoprostane ( B ) levels were measured in skeletal muscle from young and old mice of Sod2 Tg (solid bars) and WT (open bars) mice. Protein carbonyl levels were determined as described by ( 42 ) and F 2 -isoprostanes determined as described by ( 43 ) . Data shown are the mean ± SEM for six animals per group and were analyzed using analysis of variance with Bonferroni ' s post hoc test. The asterisks denote a statistically signifi cant difference at the p < .05 level.
ined over the life span of the transgenic mice. Because there was no signifi cant decrease in any of the other major antioxidant enzymes (GPX1, catalase, and CuZnSOD), the Sod2 Tg mice would be expected to have an enhanced antioxidant defense system with an increased ability to detoxify ROS, especially (O 2 − ) . The Sod2 Tg mice showed no overt phenotype, and their body and tissue weights and food consumption were similar to those of their WT littermates. Because MnSOD is a key component of the mitochondrial antioxidant defense system, we also were interested in how overexpressing MnSOD affects various functions of mitochondria isolated from the skeletal muscle of young and old mice. As expected, we observed a reduction in superoxide anion levels (as measured indirectly by reduction in aconitase activity) in the mitochondria isolated from Sod2 Tg mice compared with WT mice. However, no changes were seen in Figure 5 . Effect of overexpressing MnSOD on sensitivity to oxidative stress. ( A ) Primary cultures of murine embryonic fi broblasts (MEFs) isolated from Sod2 Tg and wild-type (WT) mice were treated with various doses of paraquat for 48 hours. Cell viability was measured by the neutral red assay as described in the Materials and Methods section. All values represent the mean ± SEM from three different animals. The data were analyzed by a two-way analysis of variance with a follow-up Tukey ' s multiple range test. The asterisk denotes those values that are signifi cantly different at p < .05 between MEFs isolated from Sod2 Tg compared with WT mice. ( B ) Paraquat (50 mg/kg) was administered to 12 WT (open diamonds) and 13 Sod2 Tg (solid triangles) mice, and the survival of the mice was followed over 7 days. The survival curves were statistically analyzed using the log-rank test and shown to be signifi cant at the p < .05 level.
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/64A/11/1114/687429 by guest on 23 April 2019 mitochondrial H 2 O 2 generation. In an agreement with these observations, in our previous report showed that, Sod2 heterozygous knockout mice ( Sod2 +/ − ) which have an ~ 50% reduction in MnSOD activity, mitochondrial H 2 O 2 production was not signifi cantly different in both young (3 -5 months) and old (26 -29 months) skeletal muscle. Although it is logical to think that the majority of mitochondrial H 2 O 2 production is directly proportional to levels of MnSOD activity, several possible reasons may explain why we did not observe any differences in H 2 O 2 production between WT and Sod2 Tg mice. Because the probe we used to detect H 2 O 2 (Amplex Red) is membrane impermeable and because H 2 O 2 can freely diffuse in and out of membranes, we may be detecting only a small portion of H 2 O 2 released from the mitochondria. For example, if there were an approximately twofold increase in H 2 O 2 at the matrix side of mitochondria due to MnSOD overexpression, other mitochondrial H 2 O 2 detoxifying enzymes such as peroxiredoxin 3 (PRX3), glutathione peroxidase 1 (GPX1), and GPX4 may act prior to the release of H 2 O 2 from the mitochondria. Additionally, we assessed the level of superoxide in vivo by reduction in aconitase activity, whereas the rate of H 2 O 2 production was Mean survival ( ± SEM ) for each group was compared with the WT group by performing a Student ' s t test upon log-transformed survival times from the respective groups. The mean, median, 10%, and maximum survivals for each group were compared with the WT group using a score test adapted from Wang and colleagues ( 67 ). Note : Pathological analyses were determined in mice that died in the life span study as described in the Materials and Methods section. The data were obtained from 47 WT and 52 Sod2 Tg mice. WT = wild type. measured solely in vitro in isolated mitochondria. Furthermore, it is also feasible to think that the mitochondrial substrates we add to enhance electron transfer may not be ideally mimicking the in vivo mitochondrial environment.
Previous studies with long-lived invertebrates ( 42 , 51 ), dwarf mice ( 43 ) , and caloric-restricted rodents ( 46 ) have shown a strong correlation between resistance to oxidative stress and increased longevity. We found that MEFs from Sod2 Tg mice were more resistant to paraquat treatment than cells from WT mice. In support of this observation, when cadmium-induced toxicity was measured in similar fashion, Sod2 Tg MEFs showed approximately twofold higher resistance compared with WT MEFs (data not shown). Moreover, when a lethal dose of paraquat was injected intraperitoneally to assess toxicity at an organism level, Sod2 Tg mice exhibited a higher survival rate compared with age-matched WT littermates. It is noteworthy that most of the differences in survival occur within 24 hours after injection, and survival rates were similar in both groups after 24 hours. In our previous study, we did not observe acute early deaths in same strain of WT mice (C57BL/6J) ( 52 ) . This discrepancy could be due to the gender difference in two studies as Holzenberger and colleagues ( 53 ) reported that survival in paraquat-induced toxicity is signifi cantly different in male and female mice.
Hu and colleagues ( 54 ) also reported that overexpressing MnSOD in another transgenic mouse reduced the age-related increase in ROS levels in brain using dihydroethidium. We also measured the effect of overexpressing MnSOD on the age-related increase in oxidative damage in skeletal muscle, using protein carbonyls as a marker for protein oxidation and F 2 -isoprostanes as an indicator of lipid peroxidation. In agreement with the previous fi ndings ( 55 ), we found that although protein carbonyls were signifi cantly elevated with age in the skeletal muscle of WT mice, they were not in Sod2 Tg mice. Moreover, MnSOD overexpression had a dramatic effect on lipid peroxidation. In WT mice, we observed an approximately twofold increase in F 2 -isoprostanes with age in skeletal muscle that was completely attenuated in the Sod2 Tg mice.
Because Sod2 Tg mice are more resistant to oxidative stress and show reduced oxidative damage, one would predict that transgenic mice overexpressing MnSOD would show an increase in life span. Recently, Hu and colleagues ( 54 ) reported that overexpression of MnSOD increased the life span of transgenic mice. In this study, the complementary DNA to Sod2 was expressed using a b -actin promoter (twofold to fourfold increase, except liver) in B6C3 mice. Using 30 WT and 24 transgenic mice, Hu and colleagues ( 54 ) reported that the transgenic mice overexpressing Mn-SOD showed a 18% increase in maximum life span (1,095 vs 1,290 days). However, there was no statistical analysis of the survival curves or survival data, and the mean survival for the transgenic mice overexpressing MnSOD was only 4% longer than the WT mice (828 vs 864 days). In our present study, we showed no statistical difference in the survival between WT and Sod2 Tg mice; for example, neither the mean, median, nor 10% survival were signifi cantly different for WT and Sod2 Tg mice. Although the maximum survival of the Sod2 Tg mice (1,245 days) in our study was similar to the maximum life span of the transgenic mice (1,290 days) in the study by Hu and colleagues ( 54 ), the mean survival of WT and Sod2 Tg mice in our study (982 and 997 days, respectively) was ~ 15% longer than the mean survival of the mice in the study by Hu and colleagues ( 54 ) . In our study, we used more than 45 mice per group to measure life span, which gives us suffi cient power to detect a 10% difference in mean life span ( 47 ) . As can be seen from our survival data, the mice in our study were long lived, for example, a mean life span of 982 days for the male WT mice, which is longer than historically reported for C57BL/6 mice ( 56 , 57 ) and longer than reported for the animal colonies maintained by National Institute on Aging ( 58 ) or the C57BL/6 mice maintained by Jackson Laboratories (59 ) . By maximizing the life span of the mice, potential genotype and environmental interactions are minimized, and the results should refl ect a more accurate measurement of the effect of the manipulation, in this case the overexpression of MnSOD, on aging. Our survival data show that overexpressing MnSOD had no effect on life span, one important measure of aging. Our pathological data on the WT and Sod2 Tg mice also show that overexpressing MnSOD had no effect on aging.
These data, when combined with an earlier study in which we showed that the life span of Sod2 +/ − mice was not altered ( 60 ) , show that varying MnSOD levels fourfold (from 50% in the Sod2 +/ − mice to 200% in the Sod2 Tg mice) has no detectable effect on the life span of mice maintained under barrier conditions. Nevertheless, the level of MnSOD expression is correlated with how well the mouse can handle acute oxidative stress such as is caused by paraquat: Sod2 +/ − mice are more sensitive ( 60 ) and Sod2 Tg mice are more resistant ( 61 ) . Our survival data in mice differed from those from Drosophila that showed that overexpressing MnSOD increased life span ( 14 ) . It also should be noted that observations of overexpressing CuZnSOD increased the life span of Drosophila ( 14 , 62 ) were not replicated in mice ( 63 ) (data from our laboratory submitted for publication). Therefore, it is likely that the effect of overexpressing the SODs is species dependent, with overexpression of either MnSOD or CuZnSOD increasing the life span of Drosophila but not of mice. These data point to the importance of genetic manipulations that extend life span in invertebrates may not be applicable in a mammalian system.
It is interesting to note that Schriner and colleagues ( 50 ) reported that transgenic mice overexpressing catalase in mitochondria showed an increase in life span in contrast to our study showing that overexpressing endogenous mitochondrial MnSOD had no affect on life span. In addition, a recent report by Treuting and colleagues ( 64 ) reported that the mitochondrial-targeted catalase transgenic mice showed reduced malignant nonhematopoetic tumor burden and reduced cardiac lesions at end-of-life pathology. In contrast, we did not observe a signifi cant difference in tumor burden in the Sod2 Tg mice compared with the WT. These data suggest that mitochondrial H 2 O 2 levels are more important than mitochondrial O 2 − levels in aging. For example, the reduced levels of mitochondrial H 2 O 2 may play an important role in aging as a signaling molecule ( 65 ) . Although a small portion of mitochondrial O 2 − can leak out of the mitochondria ( 66 ), the majority of O 2 − anions that are generated by the mitochondrial electron transport chain are rapidly dismutated by SOD to H 2 O 2 . In contrast, H 2 O 2 has relatively long half-life and can easily diffuse across the mitochondrial membrane making it a potentially important molecule for cell signaling ( 65 ) . 
